Biopolymers on the cell surface are very important for protecting microorganisms from environmental stresses, as well as storing nutrients and minerals. Synthesis of biopolymers is well studied, while studies on the modification and degradation processes of biopolymers are limited. One of these biopolymers, poly-g-glutamic acid (g-PGA), is produced by Bacillus species. Bacillus subtilis PgdS, possessing three NlpC/P60 domains, hydrolyses g-PGA. Here, we have demonstrated that several DL-endopeptidases with an NlpC/P60 domain (LytE, LytF, CwlS, CwlO, and CwlT) in B. subtilis digest not only an amide bond of D-g-glutamyl-diaminopimelic acid in peptidoglycans but also linkages of g-PGA produced by B. subtilis. The hydrolase activity of DL-endopeptidases towards g-PGA was inhibited by IseA, which also inhibits their hydrolase activity towards peptidoglycans, while the hydrolysis of PgdS towards g-PGA was not inhibited. PgdS hydrolysed only the D-/LGlu--D-Glu linkages of D-Glu-rich g-PGA (D-Glu:L-Glu=7 : 3) and L-Glu-rich g-PGA (D-Glu:L-Glu=1 : 9), indicating that PgdS can hydrolyse only restricted substrates. On the other hand, the DL-endopeptidases 
INTRODUCTION
Biopolymers such as teichoic acids, polysaccharides, and poly-g-glutamic acids (g-PGA) are components of the cell surface of several microorganisms and are very important for their protection from environmental stresses and for maintaining cell shape [1, 2] . The polymers also contribute by storing nutrients and minerals [3] . One of the biopolymers, teichoic acids, on the cell surface is an important component for maintaining the cell shape [4] . The polymer possesses phosphates and the phosphates are recycled under phosphate starvation [5] . The other biopolymer, g-PGA, is secreted or anchored in Bacillus species, and the material is digested by hydrolases such as Bacillus subtilis PgdS and GGT (g-glutamyl transpeptidase) [3] , to be recycled as an amino acid source [6] . So far, the modification and hydrolysis processes of the biopolymers have not been studied widely, while the biosynthetic mechanisms of these biopolymers are well studied. Recent studies of biopolymer hydrolysis and modification demonstrate the importance of these processes in many organisms. For example, the B. subtilis peptidoglycan hydrolases, LytE and CwlO, which are regulated by an essential two-component system for sensing cell division [7] [8] [9] , are critical for peptidoglycan elongation [10] . Thus, biopolymer modification and hydrolysis are just as important as biopolymer synthesis.
g-PGA is a g-linked D-Glu and/or L-Glu biopolymer, and its molecular weight is 10-10 000 kDa in Bacillus species [11] . Some of these biopolymers are used for cosmetics, food, and dietary supplements [3] . The D-Glu and L-Glu composition of g-PGA produced by microorganisms is dependent on the organisms and on the growth conditions. g-PGA produced by Bacillus anthracis contains only D-Glu [12] , while Natrialba aegyptiaca biosynthesises only L-Glu-containing g-PGA [13] . Some microorganisms such as B. subtilis, Bacillus licheniformis, and Staphylococcus epidermidis produce both L-and D-Glu-containing g-PGA [14] [15] [16] . Interestingly, Cromwick and Gross demonstrated that B. licheniformis increases the D-Glu content of its biosynthesised g-PGA when it is incubated with Mn 2+ [17] . However, the reason for the different D-/L-Glu composition of g-PGA biopolymers is unclear.
Hydrolysis of g-PGA is more complicated due to its enantiomer composition. B. anthracis possesses CapD, a g-PGA hydrolase that hydrolyses g-PGA molecules that contain only D-Glu [18, 19] , although it also works as a g-glutamyltranspeptidase for anchoring D-Glu-containing Fig. 1 . (a) Domain structures of several DL-endopeptidases and a g-PGA hydrolase, PgdS. PgdS has three NlpC/P60 domains, although the 1st and 3rd domains are inactive due to different amino acid residues at the active sites for hydrolysis (see Fig. 1c ; [30, 37] ). LysM domains contribute to binding to peptidoglycans [41] . CwlT has two domains, NlpC/P60 and muramidase, for peptidoglycan hydrolysis [28] . Percentages (xx %/xx %) in each respective NlpC/P60 domain are the percentage identity and similarity with domain 2 of PgdS. (b) Chemical structure of poly-g-glutamic acid (g-PGA) and g-glutamic acid-2,6-meso-diaminopimelic acid. (c) Alignment of DL-endopeptidases and PgdS. Black rectangles and arrows are a-helices and b-sheets of Staphylococcus aureus CwlT (CwlT_STAAU), respectively [37] . Closed and open arrowheads are conserved and potential active amino acid residues, respectively [30, 37, 39] . Conserved amino acid residues are shown as shaded letters. The letters _BACSU indicate that the enzymes were derived from B. subtilis. PgdS1, -2, and -3 are domains 1, 2 and 3 of B. subtilis PgdS, respectively.
g-PGA to peptidoglycan [18] . B. subtilis also has a g-PGA hydrolase, PgdS [20] . PgdS has three NlpC/P60 domains, and several DL-endopeptidases (peptidoglycan hydrolases) in B. subtilis also possess an NlpC/P60 domain (Fig. 1a) . The primary amino acid sequences of these domains are similar (Fig. 1c) . The DL-endopeptidases hydrolyse linkage of g-D-glutamic acid to 2,6-meso-diaminopimelic acid (DAP) and the substrate structure is similar to that of g-PGA (Fig. 1b) . Interestingly, we have demonstrated that the disruption of one of the DL-endopeptidase genes, cwlO [21] in B. subtilis (natto) increases the g-PGA content and enlarges its molecular size [22] . Although CwlO is an enzyme for cell elongation, as described above, recently Feng et al. demonstrated that double disruption of cwlO and pgdS in B. amyloliquefaciens increases g-PGA production [23] . Thus, we hypothesised that DL-endopeptidases may hydrolyse g-PGA, similarly to B. subtilis PgdS.
In this study we used several DL-endopeptidases (LytE, LytF, CwlS, CwlO, and CwlT) and a g-PGA hydrolase, PgdS, from B. subtilis. LytE, LytF and CwlS contribute to cell separation [24] [25] [26] . LytE and CwlO are necessary for cell wall elongation, and depletion of both causes cell death [10, 27] .
CwlT is one of the components of an integrative conjugative element [28, 29] . The NlpC/P60 domains of all enzymes, H-LytE, H-LytF, H-CwlO, H-CwlS, H-CwlT, H-PgdS and H-PgdS-CD, were purified in order to biochemically compare the domains, and the hydrolytic activity towards . The g-PGA synthesis genes, pgsBCA, are co-transcribed and upregulated by DegU and SwrAA [35, 42] . However, since B. subtilis swrAA in this strain is frameshifted, pgsBCA cannot be transcribed [34, 43] . The g-PGA hydrolase, pgdS, is transcribed separately from pgsBCA by its own promoters. The pgsBCA genes in the PGSBp strain can be transcribed by the addition of IPTG. g-PGA was assessed. Remarkably, all of these DL-endopeptidase catalytic domains can digest g-PGA.
METHODS
Construction of pQE-PgdS and pQE-PgdS-CD for expressing the full-length (three repeated domains, H-PgdS) and catalytic domain (domain 2, H-PgdS-CD) of B. subtilis PgdS B. subtilis PgdS has three repeated NlpC/P60 domains, as shown in Fig. 1(a) . Since the second domain (domain 2) conserves the cysteine and histidine amino acid residues associated with hydrolytic activity, while the others (domains 1 and 3) do not (see Fig. 1c ), two plasmids, pQEPgdS-CD and pQE-PgdS, expressing proteins possessing domain 2 and all three domains, respectively, were constructed.
For the construction of pQE-PgdS, the fragment containing the three repeated domains of B. To construct the pQE-PgdS-CD plasmid, the second domain of B. subtilis PgdS (PgdS-CD) was amplified by PCR with the primers Fw-YWTD (gcgcggatccGGTG TCCCATATGTGTTTG) and Rv-YWTD (gcgcaagcttCTA TCGGCGAATACCCGTCAT) and the B. subtilis 168 chromosome as a template. The amplified fragment was digested with BamHI and HindIII and ligated to the corresponding sites of pQE-30, resulting in pQE-PgdS-CD.
Construction of a strain to express poly-g-glutamic acid (g-PGA)-synthesis genes in B. subtilis B. subtilis 168 possesses g-PGA-synthesis genes, pgsBCA, and a strain expressing the pgsBCA genes by an IPTG inducible promoter was created. Part of pgsB and its SD sequence were amplified by PCR with the primers PGSBSD-25Hf (ggccaagcttATATAGAAGGAGATGTCG) and PGSBSD-Br (ggccggatccAATGACGCCGATATTGGC) and the B. subtilis 168 chromosome as a template. The amplified fragment was digested with HindIII and BamHI and then ligated to the corresponding sites of pMUTIN4, resulting in pM4pgsBSD.
E. coli C600 was transformed with pM4pgsBSD to concatenate the plasmid. The concatenated pM4pgsBSD was purified from the transformant, and B. subtilis 168 was then transformed using the plasmid. The transformant, PGSBp [pgsB :: (Pspac-pgsBCA)], can be induced to express pgsBCA by the addition of IPTG.
Expression and purification of H-PgdS, H-PgdS-CD, DL-endopeptidase catalytic domains, and H-IseA (YoeB) The expression methods used for H-PgdS, H-PgdS-CD, DLendopeptidase catalytic domains, and H-IseA followed those described previously [21, 24-26, 28, 30] . Escherichia coli M15(pREP4) harboring a plasmid expressing H-PgdS or H-PgdS-CD (the three repeated domains or domain 2 only), the DL-endopeptidase catalytic domains (H-LytE, HLytF, H-CwlS, H-CwlO, or H-CwlT), or H-IseA was incubated in LB medium containing 100 µg ml À1 ampicillin, 25 µg ml À1 kanamycin, and 2 % (w/v) glucose if necessary, at 37 C. When the culture growth reached mid-log phase, 0.1 or 1 mM IPTG (final concentration) was added and the cells were incubated at 37 C for 1-2 h, to overexpress the protein. The cells were harvested from the culture and broken by sonication. The cell lysate was centrifuged and the supernatant containing the overexpressed protein was collected. The protein was purified by affinity chromatography, using a Ni-agarose beads column. All the purified proteins (H-PgdS, H-PgdS-CD, the DL-endopeptidase catalytic domains, and H-IseA) were dialysed three times against 10 or 20 mM sodium phosphate buffer (pH 7.0), and the purity of the protein solutions was confirmed with SDS-PAGE. Since adding the solutions to an SDS-gel revealed only one band, representing the protein, we concluded that the proteins had been adequately purified.
Preparation of B. subtilis cell wall and determination of cell wall hydrolase activity of purified DL-endopeptidase catalytic domains, H-PgdS, and H-PgdS-CD Preparation of B. subtilis cell wall and determination of the cell wall hydrolase activity were performed as described previously [31] .
Expression and purification of g-PGA produced by Bacillus species The strains B. subtilis 168, B. subtilis (natto) NAFM5, and B. licheniformis ATCC 9945a were incubated in PGA synthetic medium (LB medium containing 5 % [w/v] sodium glutamate and 0.5 % [w/v] sucrose or 1.5 % [w/v] glucose) [22] at 37 C for 16-24 h. In the absence of Mn 2+ , B. licheniformis ATCC 9945a produces L-Glu-rich g-PGA [14] . The B. subtilis PGSBp strain was incubated in PGA-synthesis medium containing 0.25 µg ml À1 erythromycin with or without 1 mM IPTG at 37 C for 16 h. The culture was centrifuged to separate the cells and the supernatant (10 000 g, 10 min, room temperature) and the supernatant, containing g-PGA, was collected. A volume of 99 % (v/v) ethanol twice that of the supernatant was added and the sample was then centrifuged (10 000 g, 10 min, room temperature) to precipitate the g-PGA. The pellet was washed twice with 70 % (v/v) ethanol. The pellets, containing g-PGA derived from [38] . ‡This result was confirmed previously by Fukushima et al. [28] . Table 1 .
B. subtilis or B. subtilis (natto) NAFM5, were freeze-dried and the weight was measured for use in the hydrolysis assay.
The pellet was dissolved in MilliQ water and the sample was then dialysed twice against MilliQ water to eliminate small components derived from the culture. Since the purified g-PGA produced by B. licheniformis ATCC 9945a consists of L-Glu (molar ratio D-Glu:L-Glu=1 : 9), based on RP-HPLC analysis using the FDNB labeling method (see below), the g-PGA derived from B. licheniformis ATCC 9945a was named L-Glu-rich g-PGA. We also prepared g-PGA derived from B. subtilis (chungkookjang), with an average molecular weight of 400-600 kDa and a D-Glu:LGlu molar ratio of 7 : 3 (Wako Chemicals), and named it D-Glu-rich g-PGA.
Separation of purified or digested g-PGA using a SDS-polyacrylamide gel or agarose gel To determine the length of g-PGA purified or digested with H-PgdS, H-PgdS-CD, or DL-endopeptidase catalytic domains, SDS-PAGE or agarose gel electrophoresis was performed. For the SDS-PAGE the g-PGA was separated using an SDS-14 % or -16 % acrylamide gel, which was then stained with a methylene blue staining solution (0.5 % methylene blue, 30 % ethanol, pH 9.0) for 1-24 h. The gel was de-stained using MilliQ water until the g-PGA could be seen. For the agarose gel electrophoresis, the g-PGA was separated using a 1 % agarose gel. The gel was stained with the methylene blue solution for 30 min and then de-stained using MilliQ overnight.
Cell wall and g-PGA hydrolysis
To confirm that the purified enzymes were active, a cell wall hydrolysis assay was performed as described previously [31] . Cell wall (final concentration, 0.33 mg ml
À1
) was suspended in 10 mM sodium phosphate buffer (pH 7.0), and 1 µM (final concentration) of the enzyme was added to the suspension. The enzyme reaction was performed at 37 C for 30 min, and the enzyme activity was monitored by measuring absorbance of the suspension at 600 nm.
For the g-PGA hydrolysis assay, 1 mg of g-PGA was suspended in 500 µl of 10 mM sodium phosphate buffer (pH 7.0 or 7.4). The final concentration of the g-PGA was 2 mg ml
. A final concentration of 2 µM of H-PgdS (three repeated domains), 2 µM of one of the DL-endopeptidase catalytic domains, or 20 µM of H-PgdD-CD (domain 2 only) was added to the g-PGA solution. The enzyme reaction was performed at 37 C and then inactivated by boiling sample. The digestion of the g-PGA by the enzyme was analysed by SDS-PAGE or agarose gel electrophoresis, as described above.
Inhibition of g-PGA hydrolysis by H-IseA
To assess the inhibition of g-PGA hydrolysis, 1 mg of g-PGA (average molecular weight: 400-600 kDa, D-Glu:LGlu=7 : 3; Wako Chemicals) was suspended in 500 µl of 10 mM sodium phosphate buffer (pH 7.0). We added 2 µM of one of the DL-endopeptidase catalytic domains (H-LytE, H-LytF, H-CwlS, H-CwlT, or H-CwlO) or H-PgdS, and 4 µM of H-IseA, to the g-PGA (molar ratio of the hydrolase and H-IseA=1 : 2) and the reaction was performed at 37 C for 0, 0.5, 1, 2, or 4 h. After the samples had been boiled for 5 min to inactivate the hydrolase, the hydrolysis was analysed by SDS-PAGE as described above.
Identification of N-terminal amino acid of the g-PGA cleavage sites produced by hydrolysis with DL-endopeptidase catalytic domains or H-PgdS.
To identify the N-terminal of the g-PGA cleavage sites, the N-terminal amino acid was labeled by FDNB (1-fluoro-2,4,-dinitrobenzene), as described previously [32, 33] . One mg of g-PGA suspended in 500 µl of 10 mM sodium phosphate buffer (pH 7.4) was digested with or without 1 nmol of a DLendopeptidase catalytic domain or H-PgdS (the final concentrations, 2 µM) at 37 C for 24 h (the samples without enzymes were the control). The sample was boiled for 5 min to stop the enzyme reaction, and 450 µl of the sample and 50 µl of 10 % (w/v) K 2 B 4 O 7 solution (pH 9.0) were mixed to make the solution pH weakly basic. Two l of FDNB solution (Sigma-Aldrich) was added to the sample, which was kept at 65 C for 30 min to label the g-PGA amino acid groups. The amide bonds of the labeled g-PGA were hydrolysed with 4 M HCl (final concentration) at 95 C for 16 h, and the hydrolysis was then stopped by addition of NaOH to neutralise the pH of the solution. À1 was used, and the compounds were detected at 365 nm. The peaks derived from DNP-D-Glu and -L-Glu (the retention time was approximately 37 min) were collected, and the solutions were dried by evaporation using a vacuum concentrator.
To isolate DNP-D-Glu and -L-Glu, the dried samples were dissolved in 200 µl methanol containing 0.05 % [v/v] TFA, followed by HPLC analysis. For the HPLC analysis, a chirality separation column, the Sumichiral OA-2500S (4.6Â250 nm; Sumika Chemical Analysis Service), was used, with a flow rate of 0.5 ml min À1 , the separation was performed via isocratic elution using 0.05 % [v/v] TFA/methanol running buffer, and the compounds were detected at 365 nm. The resulting peaks for DNP-D-Glu and -L-Glu were used to calculate the DNP-D-Glu and -L-Glu content of samples.
RESULTS AND DISCUSSION
The cell wall hydrolases, DL-endopeptidases, can digest g-PGA similarly to the g-PGA hydrolase, PgdS The B. subtilis 168 strain has a g-PGA-synthesis gene cluster, pgsBCA, and a g-PGA-hydrolysis gene, pgdS, downstream of the synthesis gene (Fig. 2a) . Expression of P pgsB is activated by phosphorylated DegU and SwrAA [34, 35] . However, since B. subtilis 168 swrAA is frame-shifted, the strain does not produce g-PGA [34, 35] . A new strain, PGSBp, was created to induce the gene cluster expression with IPTG (Fig. 2a) . When the g-PGA biosynthesis genes were expressed by the addition of IPTG to the PGA synthesis medium (LB medium containing sodium glutamate and glucose instead of sucrose, to avoid producing levans [b-2,6-fructose polymers; [36] ), a biopolymer was produced in the culture (Fig. 2b) . The biopolymer was digested using a g-PGA hydrolase, B. subtilis H-PgdS. As shown in Fig. 2(c) , H-PgdS hydrolysed the biopolymer produced by PGSBp.
A part of the B. subtilis peptidoglycan structure, D-Glu-diaminopimelic acid, is similar in structure to g-PGA, although g-PGA is composed of several chirality centers (DD-Glu, DL-Glu, LD-Glu, and LL-Glu compositions, Fig. 1b) . Moreover, PgdS has a domain that repeats three times, NlpC/ P60, and this domain also exists in DL-endopeptidases (Fig. 1a, c) . Thus, DL-endopeptidases may digest g-PGA.
The g-PGA produced by PGSBp was digested using the catalytic domains of the DL-endopeptidases in B. subtilis (LytF, LytE, CwlS, and CwlO; Fig. 1c ). Fig. 2(d) clearly shows that these DL-endopeptidase catalytic domains exhibited hydrolytic activity towards the g-PGA produced by PGSBp, indicating that they can hydrolyse not only B. subtilis peptidoglycan but also B. subtilis g-PGA. We decided to use standard g-PGA [D-Glu-rich g-PGA (D-Glu:L-Glu=7 : 3) and L-Glu-rich g-PGA (D-Glu:L-Glu=1 : 9)] for our further investigations to clearly characterise hydrolytic function towards g-PGA chirality center.
Enzyme activities of PgdS and DL-endopeptidase catalytic domains are different PgdS has a domain that repeats three times and the domain is similar to the DL-endopeptidases (Fig. 1a, c) . The main difference between these domains of PgdS is that only domain 2 of PgdS has the same catalytic residues as the DL-endopeptidases (30, 37; Fig. 1a) . Thus, only domain 2 (H-PgdS-CD) was expressed and purified from E. coli, and D-Glu-rich g-PGA (D-Glu:L-Glu=7 : 3) was then hydrolysed with the enzyme. As shown in Fig. 3(a) , domain 2 (H-PgdS-CD) can digest g-PGA, indicating that this domain is necessary for hydrolysis. However, the activity of H-PgdS-CD was weaker than that of H-PgdS (Fig. 3a, b) .
Since PgdS has the active NlpC/P60 family domain in domain 2, like the DL-endopeptidases (Fig. 1) , we also assessed the cell wall hydrolysis activity of H-PgdS. Cell wall hydrolysis was measured in several enzyme solutions (with H-PgdS and DL-endopeptidase catalytic domains as controls). The DL-endopeptidase catalytic domains (H-LytF, H-LytE, H-CwlS, H-CwlO, and H-CwlT) hydrolysed the cell wall, while H-PgdS did not (Fig. 3b, Table 1 ). Thus, the hydrolysis mechanisms of PgdS and DL-endopeptidase catalytic domains seem to be different.
Recently, we characterised an inhibitor of DL-endopeptidases, IseA, and demonstrated that this inhibitor directly binds the DL-endopeptidase catalytic domains of LytE, LytF, CwlS, and CwlO [30, 38] . In the present study, DL-endopeptidase catalytic domains and H-PgdS with or without the inhibitor, H-IseA, were added to a solution of D-Glu-rich g-PGA (D-Glu:L-Glu=7 : 3), and a hydrolysis assay for the g-PGA was performed. The g-PGA was hydrolysed in all the solutions not containing the inhibitor (Fig. 3b, Table 1 ). Interestingly, although the material was not hydrolysed in the DL-endopeptidase solutions containing the inhibitor, it was hydrolysed in the H-PgdS solution with the inhibitor (Fig. 4, Table 1 ). Previously we mentioned that the binding site of IseA with a target molecule is electrostatically negatively charged ( [30] , Fig. 9c shown in this reference) . The interaction sites of the target molecules of IseA, for the DL-endopeptidase catalytic domains of LytE, LytF, CwlS, and CwlO, are electrostatically positively charged, while the interaction site for PgdS is negatively charged ( [30] , Fig. 9d shown in this reference). Thus, it is possible that the activity of H-PgdS cannot be inhibited by H-IseA due to these electrical charges.
PgdS digests only the D-/L-Glu--D-Glu linkages of D-Glu-rich and L-Glu-rich g-PGA H-PgdS can digest g-PGA but not B. subtilis cell wall, while DL-endopeptidase catalytic domains can digest both materials (Fig. 3, Table 1 ). We hypothesised that H-PgdS activity towards g-PGA is restricted. To confirm this idea, D-Glurich g-PGA was hydrolysed with H-PgdS. After the hydrolysis the amino groups of the cleavage sites (D/L-Glu) of the g-PGA were produced. The N-terminals of the cleavage sites were labeled with FDNB, and the amide bonds of the labeled g-PGA were then hydrolysed by HCl to make amino acids including DNP-D/L-Glu. The final products, DNP-DGlu and DNP-L-Glu, were derived from the cleavage sites of the g-PGA. The content of these two products was determined using HPLC. The sample contained only DNP-D-Glu (Fig. 5a) , indicating that H-PgdS digests only D-/L-Glu-DGlu linkages.
Since the enzyme activity of H-PgdS seemed to be restricted, L-Glu-rich g-PGA was prepared and the hydrolysis activity toward this substrate was tested. B. licheniformis ATCC 9945a strain was used to produce the g-PGA. B. licheniformis can produce L-Glu-rich or D-Glu-rich g-PGA, depending on the composition of the growth medium (especially the Mn 2+ concentration; [17] ). The L-Glu-rich g-PGA was purified and the ratio of L-Glu to D-Glu in the g-PGA was determined using the FDNB labeling method described in the Materials and Methods section. This ratio was 9 : 1 (data not shown).
The purified L-Glu-rich g-PGA was hydrolysed by H-CwlS. As shown in Fig. 6(a) , the g-PGA was digested. The purified g-PGA was also treated with H-PgdS, and the degradation products of g-PGA were observed in an agarose gel (Fig. 6a) . The N-terminals of the cleavage sites used by H-PgdS in hydrolysing the L-Glu-rich g-PGA were determined. The N-terminals of the cleavage sites were exclusively D-Glu (Fig. 6b) , even though the majority of the content was L-Glu. This confirms that H-PgdS only hydrolyses D-/L-Glu-D-Glu linkages.
Digestion of g-PGA by DL-endopeptidase catalytic domains is not restricted Since DL-endopeptidase catalytic domains hydrolyse the g-D-Glu--2,6-diaminopimelic acid linkage (D--L amino acid bond), the hydrolysis of g-PGA by these enzymes may be different from that by H-PgdS. D-Glu-rich g-PGA was hydrolysed by DL-endopeptidase catalytic domains and the N-terminals of the cleavage sites of the g-PGA were determined via FDNB labeling, as described above. Remarkably, the labeled samples derived from the hydrolysis of g-PGA by the DL-endopeptidase catalytic domains of LytE, CwlO, and CwlS contained not only DNP-L-Glu but also DNP-DGlu ( Fig. 5b-d 
Function of DL-endopeptidase catalytic domains as g-PGA hydrolases
The DL-endopeptidase inhibitor, H-IseA, inactivates the hydrolysis of both cell walls and g-PGA by the DL-endopeptidase catalytic domains of LytE, LytF, CwlO, CwlS, and CwlT (Fig. 4, Table 1 ). IseA inhibits this enzyme activity by inserting its peptide into the active site of the DL-endopeptidase catalytic domains [30] . Thus, the active site for the hydrolysis of peptidoglycans (which digests the D-g-glutamyl-diaminopimelic acid linkage) and g-PGA (which digests the g-glutamyl-glutamic acid linkage) is the same. Xu et al. made protein-substrate complex models of a murein tripeptide, L-Ala-g-D-Glu-DAP, or a murein tetrapeptide, L-Ala-g-D-Glu-DAP-D-Ala, and the NlpC/P60 domain of peptidoglycan cysteine endopeptidase in Anabaena variabilis (AvPCP) [39] . Since this protein recognizes both murein peptides, DAP can be freely moved within the active site pocket of the NlpC/P60 domain, as demonstrated by Xu et al. [39] . The NlpC/P60 domain of CwlT in Staphylococcus aureus Mu50 also has a big pocket in the active site [37] . The NlpC/P60 domain of B. subtilis CwlT (BS_CwlT) is very similar to that of CwlT in S. aureus (identity=52 %, similarity=70 %), and we demonstrated that it exhibits hydrolase activity towards not only peptidoglycans [28] but also g-PGA (Fig. 3b) . This indicates that the big pocket in the active site of DL-endopeptidase allows hydrolysis of several enantiomers of g-PGA.
B. subtilis CwlT has been identified as an enzyme that is necessary for the conjugation of the integrative and conjugative element ICEBs1 [29] . Based on the biochemical result of g-PGA hydrolysis by H-CwlT, g-PGA can be potentially digested by many DL-endopeptidases, which are also peptidoglycan hydrolases. Previously we demonstrated that deletion of cwlO in B. subtilis (natto) drastically increases g-PGA production in the cell culture compared with the wild-type (two-fold increase; [22] ). Moreover, recently Feng et al. demonstrated that double disruption of cwlO and pgdS in B. amyloliquefaciens increases g-PGA production [23] . CwlO does not have any cell wall-binding domain, and secretes its truncated protein (the DL-endopeptidase domain) as the major product into the culture medium [21, 40] . Thus, it is possible that the DL-endopeptidase catalytic domain of CwlO can hydrolyse g-PGA in the culture of B. subtilis (natto).
The biochemical results of g-PGA hydrolysis by DL-endopeptidase catalytic domains show that the domains recognise and hydrolyse a wider range of g-PGA substrates than the typical g-PGA hydrolase, PgdS. This is the first report demonstrating that DL-endopeptidases possess not only peptidoglycan hydrolysis activity but also g-PGA hydrolysis activity.
